The influence of mobile phase composition on the retention of selected test analytes in different normal-and reversed-phase chromatographic systems is studied. A novel adsorption model for an accurate prediction of the analyte retention in the column chromatography with binary mobile phase is proposed. Performance of the model is compared with the retention model reported in the literature. Both models are verified for different HPLC systems by use of three criteria: (a) the sum of squared differences between the experimental and theoretical data, (b) approximation of the standard deviation, and (c) the Fisher test.
Introduction
The study of the influence of a mobile phase modifier concentration on the retention in high-performance liquid chromatography (HPLC) is important for understanding the regularities of the retention and mechanisms of substances separation in a chromatographic process. Binary eluents consisting of a weak and a strong solvent are widely used in HPLC. In the reversed-phase (RP) liquid chromatography (LC) mode, for example, the major constituent of the mixed eluent is a highly polar solvent (e.g., water), whereas a less polar solvent (e.g., methanol, acetonitrile, etc.) is an organic modifier added to control the process of elution. The composition of the mobile phase determines the retention volume and time of solutes, both in the normal-phase (NP) and RP chromatographic modes. Composition changes and the nature of mobile phases enable tuning of the separated analytes' retention in a wide range of the retention parameters and optimization of the chromatographic processes, as well. One factor, which undoubtedly contributes to the quality of separation, is selectivity. Among the factors that strongly affect the selectivity of separation in LC is the composition of the mobile phase. Optimization of separation selectivity can be achieved by several different methods, one of them is the so-called interpretative strategy (1, 2) . The key role in this strategy is the implementation of adequate models of retention that couple the retention of a solute with the composition of a mixed eluent (3, 5, 6, 9, 13) . The comparison of literature-known retention models for different thin-layer chromatography (TLC) and HPLC systems was presented in detail in a previous work (6) . The results of the investigations showed that for a strong parabolic k = f(ϕ) dependence (for crown compounds), a majority of retention models [except models proposed by Schoenmakers (1) and Kaczmarski et al. (2, 5) ] gave significant errors of computation. At the same time, the models correctly describing strong nonlinear k = f(ϕ) dependences gave meaningful errors for low concentration of organic modifier. Therefore, the search for the most universal and accurate retention models for describing both linear and strong parabolic k = f(ϕ) dependences is reasonable, from the practical and theoretical point of view.
In this paper, a novel adsorption model for an accurate prediction of the analyte retention in the column chromatography with binary mobile phase is proposed. This model has been formulated theoretically, according to methodology reported in literature (5) . The presented model was experimentally examined by the author. In addition, the retention data taken from literature [and contained in papers by Kaczmarski et al. 
Theory
In the case of chemically bonded stationary phases, some of the surface silanols remain nonbonded. For such stationary phases, the isotherm equation Γ(c), describing adsorption of the constituents of the liquid phase, can be written as follows:
Let us assume a linear dependence of the amount of solute adsorbed on the chemically bonded ligands and its concentration in the mobile phase:
The equation constant K is a function of the mole or volume fraction ϕ of a component of the binary mobile phase for different mobile phase compositions.
Function Γ 1 '' describes adsorption on the free active sites of the silica matrix. The relation between the amount of the substance adsorbed on the free active sites of the sorbent and its concentration in the bulk solution can be given by the competitive Langmuir isotherm:
where c 1 , c 2 , and c 3 are the concentrations of the solute and the components of the mixed mobile phase, respectively; Γ ∞ is the saturation capacity of the solid phase; and K 1 , K 2 , and K 3 are the equilibrium constants. For low numerical values of c 1 , equation 3 can be given as follows:
In the case of column chromatography, the retention factor k is defined as follows:
On the basis of the model of an ideal chromatographic column (10), the retention coefficient (k) equals the ratio of the derivative of the solute concentration in the bulk mobile phase and the derivative of the solute concentration in the surface mobile phase:
From equations 1, 2, and 4, one can deduce that the sum of the derivatives of Γ 1 ' and Γ 1 '' on c 1 can be given by the following relationship:
Let us assume that the parameter K in the first segment of equation 7 depends on the mole or volume fraction ϕ of the mobile phase modifier, according to the Langmuir-type model proposed by Row et al. (3, 4) :
where p'' 1 and p'' 2 are the experimental coefficients. This equation assumes that the adsorption of organic modifier is described by the Langmuir isotherm. The intercept, p'' 1 , characterizes the adsorption interaction between the organic modifier molecules and adsorbent surface, whereas the slope, p'' 2 , relates to the solute molecules and adsorbent surface interaction.
Combining equations 6-8, we can obtain:
Assuming that the mixed mobile phase can be considered as an ideal mixture, equation 9 can be given in the following form:
After simple mathematical transformations, the final relationship between the retention coefficient (k) and modifier concentration in the binary mobile phase (ϕ) takes the following form:
Model parameters (p i ) were estimated by minimization of a sum of the squared differences between the experimental and theoretical data using the Marquardt method, which was later modified by Fletcher (11) . The accuracy of determination of the model's parameters was assessed using the formulas given in the monograph (12) for the 95% confidence interval of Student's test.
The following statistical criteria were used for the assessment of proposed model accuracy in different HPLC systems.
The sum of squared differences between the experimental and the theoretical retention data:
Eq. 12
Approximation of standard deviation (SD):
where: i = 1…LD, LD = number of experimental points and L = number of estimated parameters. Table I specifies the samples, mobile phases, range of the modifier mole (or volume) fractions (separately for each mobile phase), and the mode of HPLC employed (NP-or RP-HPLC columns).
Experimental
Chrysin and quercetin were purchased from Sigma (St. Louis, MO). LiChrosolv chromatographic-grade methanol and water were purchased from Merck (Darmstadt, Germany).
HPLC
)] (Thermo Hypersil-Keystone, Cheshire, UK). The mobile phase flow rate was 1 mL/min, the absorbance was measured at 250 nm, and the column temperature was 20ºC. Elution was performed in the isocratic mode.
Results and Discussion
The results of the author's investigations in different HPLC systems are presented in example Figures 1-5 and in Table II. Table II specifies the values of estimated model parameters p i and related sums of the squared differences between experimental and theoretical data, SDs, and the Fisher test values obtained as a result of comparison between the newly proposed model (equation 11) and the experimental data. From the presented results of the investigations, it can be concluded that the four-parameter model proposed in this study (equation 11) provides an excellent agreement between the experimental and theoretical data for most NP and RP chromatographic systems studied. It performs equally well both at high and low levels (data sets: 6, 9-12; Figures 2A and 3 ) of the organic modifiers. For the RP-HPLC of crown compounds as test analytes (data sets 15-18 and Figure 5 ), the proposed adsorption model (equation 11) describes these data sets absolutely satisfactorily.
In 
4 Chryseriol* Water-methanol* 0.31-0.64 (methanol) 300 mm × 3.9 mm, 10-µm Phenyl µBondapak (Waters) (7) 5 Flavonol* Water-methanol* 0.31-0.64 (methanol) 300 mm × 3.9 mm, 10-µm µBondapak C 18 (Waters) 
Both models were compared in different HPLC systems presented in Table I by means of three statistical criteria (equations 12-14). Table II also specifies the values of the sums of the squared differences between experimental and theoretical data, SDs, and the Fisher test values obtained as a results of the comparison between the Nikitas-Pappa-Louisi model (equation 15) and the experimental data. In Figures 1-5 , dotted lines show the theoretical curves obtained from equation 15. On the basis of the comparison of the three statistical criteria for both models (equations 11 and 15), it can be concluded that the newly proposed model (equation 11) gives some better-fitting results and accuracy than equation 15, which was proposed by Nikitas et al. (9, 13) . In particular, the best results of computations for a proposed adsorption model (equation 11) were obtained in the case of retention data at low levels of the organic modifiers (data sets 9-12, Figure 3 ) and crown compounds (data sets 15-18, Figure 5 ).
Conclusion
From the study reported here, the following conclusions can be drawn: a new adsorption model was proposed for description of the retention coefficient (k) of a given solute as a function of the mixed mobile phase composition. This model was thoroughly tested in the experiments with the use of many different analytes, columns, and sorbents with chemically bonded ligands (only selected results are presented in this study). All the computation results obtained confirm very good performance of the proposed model (equation 11). This model gives good fitting results, accuracy, and great applicability. 
